As the first part of a sequence focusing on the dynamic response of composite caisson-piles foundations (CCPFs1), this paper develops a simplified method for the lateral response of these foundations. A Winkler model for the lateral vibration of the CCPF is created by joining the two components, the caisson and the pile group, where the four-spring Winkler model is utilized for the caisson and axial-lateral coupled vibration equations are derived for the pile group. For determining the coefficients of the four-spring Winkler model for the caissons, embedded footing impedance is used and a modification on the rotational embedment factor is made for the sake of the geometrical difference between shallow footings and caissons. Comparisons against results from finite element simulations demonstrate the reliability of this modified four-spring Winkler model for caissons in both homogenous and layered soils. The proposed simplified method for the lateral vibration of CCPFs is verified also by 3D finite element modeling. Finally, through an example, the idea of adding piles beneath the caisson is proved to be of great significance to enhance the resistance of the foundation against lateral dynamic loads. finite element modeling. Finally, through an example, the idea of adding piles beneath the caisson is proved to be of great significance to enhance the resistance of the foundation against lateral dynamic loads.
system with a dynamic Winkler model for the foundation. Despite the lack of more enough published research fruits about caissons, there are abundant references in terms of shallow embedded foundations which can enlighten the study of caissons, e.g. the research of Gazetas and Tassoulas [4~5], Hatzikonstantinou et al. [6] , Fotopoulou et al. [7] , Gazetas [8] , Beredugo and Novak [12] , Kausel and Roësset [13] , and Wolf [14] .
Since the CCPF is composited by a caisson and grouped piles, the analysis on it is somewhat complex due to a significant difference between the caisson and the grouped piles. Because of the geometry characteristics, it is reasonable to assume the caissons as a rigid body. However, piles are totally different, owing to not only their slenderness but also the interaction among the individual piles. The dynamic response of pile groups were well studied in the past decades. Simplified methods were developed by Gazetas and Makris [15] , Makris and Gazetas [16] and Mylonakis and Gazetas [17] for the axial, lateral, as well as seismic response of pile groups. For the layered soils, Wu et al. [18] and Huang et al. [19] adopted the transfer matrix method to study the axial and lateral responses of pile groups based on the dynamic Winkler model.
A simplified approach is developed for the lateral vibration of CCPFs in this paper.
The dynamic Winkler models for caissons and pile groups are coupled, generating a composite Winkler model for CCPFs. The spring coefficients for the caisson part are determined through the method proposed by Ref. [1] based on the impedance of shallow footings [4~8] . However, considering the difference of depth-width ratio between caissons (i.e. 0.5<d/B<4 [1] ) and shallow footings (i.e. d/B≤1 [4~8]), the feasibility of the expressions for the shallow footing impedance is checked for their application in caissons, and a modification is made to gain more accurate spring coefficients for caissons. This modification is proved to be meaningful by the finite element method. In order to verify the proposed simplified method for the lateral vibration of CCPFs, a series of 3D finite element simulations are developed and good agreements are reached between the numerical method and the proposed simplified method. Finally, with an example calculated by the proposed simplified method, the significance of adding piles in resisting lateral dynamic loads is studied. (2) where D is the length of the caisson part, and Q 0 and M 0 are the dynamic horizontal force and moment applied on the top of the CCPF respectively, as shown in Fig. 2. K cp , the impedance matrix of the CCPF with respect to the base center of its caisson part, is a two dimensional matrix, i.e.
Derivations of lateral impedance of CCPFs in Winkler model

Impedance of CCPFs
and the determination on it in Winkler model is the main purpose of this paper.
For convenience of application, the impedance of the CCPF can also be expressed with respect to its top center by coordinate transformation on K cp , i.e. 
 
where K p and K c are the impedance matrixes of the pile group and the caisson respectively, which will be determined in Section 2.2 and 2.3 respectively.
Determination of impedance matrix of pile group K p
Although the axial and the lateral vibrations of the pile groups have been well studied in the past [15~19], the work is seldom related to the axial-lateral coupled vibration. However, it is essential to couple the axial vibration into lateral vibration in this study, because the piles will deform vertically once the CCPF rotates, with the vertical reaction forces exerted to the caisson, equivalent to a resultant reaction moment, as shown in Fig. 3 .
Through Refs. [15] and [18] , considering the pile-pile axial interaction, the axial displacement at the head of a pile (e.g. pile k) in a pile group is given as
where N is the number of the piles, V j is the axial load undertaken by pile j, f V is the axial flexibility of the sole pile, and
V kj
 is the axial pile-pile interaction factor between pile j and pile k.
Through Refs. [16] and [19] , considering the pile-pile lateral interaction, the lateral displacements at the head of a pile (e.g. pile k) in a pile group are given as
where H j and M j are the horizontal load and moment undertaken by pile j, f H is the lateral flexibility matrix of the sole pile, and H kj α is the lateral pile-pile interaction matrix between pile j and pile k.
The derivation of Eqs. (6) and (7) is introduced in the appendix.
When both axial and lateral harmonic loads are applied on the cap, the pile group will perform with an axial-lateral coupled vibration, as shown in Fig. 4 For pile k beneath the cap, the vertical displacement w k , horizontal displacement u k and rotation angle  k at its head have a relation with the displacements and rotation angle of the cap, i.e.
where x k is the x coordinate of the location of pile k, in a coordinate system that defines the origin of x axis as the center of the cap, and the positive direction as rightward.
The resultant forces of the loads undertaken by all the piles must equal the loads applied on the cap, hence
The overall equation for axial-lateral coupled vibration obtained by putting Eqs. (6) ~ (13) together can be expressed as where the vertical degree of freedom of the cap center is removed because it has no effect on the lateral impedance matrix of the pile group. u G and P G are the displacement and external force vectors, which are (16) and H, M, V and A 12~A44 are 
where k =1, …, N and j=1, …, N According to the definition of the lateral impedance matrix, i.e.
Through Eq. (14), the lateral impedance matrix of the pile group can be derived as In frequency domain, when the caisson is subjected to the dynamic horizontal force Q 0 and moment M 0 , the equilibrium of external loads, soil resistance and inertial forces with respect to the base center gives
where, ω is the circular frequency, u b is the horizontal displacement of the base center and  is the rotation angle. Load vector, mass matrix and complex stiffness matrix in above equations are respectively given by
where, m and J are the mass and mass moment of inertia of the caisson about its center of gravity. By integration of the complex spring stiffness, each element of K b could be obtained as Therefore, h K  and r K  should be neglected.
In Eq. (42), z i is the distance from the center of layer i to the soil surface, i.e.
The Winkler parameters x k and  k were back-determined in the study of Gerolymos and Gazetas [1] , in which the impedance of caissons K b is approximated by the impedance of cylindrical embedded footings determined through Ref. [8] .
According to the method, x k can be expressed as
where K H is the static horizontal stiffness of circular surface footings, I tw is the horizontal embedment factor (the product of K H and I tw is the horizontal stiffness of embedded footings), and χ emb is the horizontal dynamic coefficient. The detailed expressions of K H , I tw , χ emb and c x can be determined by referring Refs. [1] and [8] .
 k can be expressed as
where K M is the static rocking stiffness of circular surface footings, Г w is the rocking embedment factor (the product of K M and Г w is the rocking stiffness of embedded footings), and 1  k is the rocking dynamic coefficient. The detailed expressions of K M , Г w , 1  k and c 1 can be determined by refering Refs. [1] and [8] .
Because of the difference of depth-width ratio between rigid caissons and shallow footings, it's necessary to check the accuracy of I tw and Г w of shallow footings for their application in caissons, and a modification may be required if the accuracy is not satisfied. This work is given in Section 3.
Modification and verification of the four-spring Winkler model for caissons
Modification of the embedment factors
As introduced in Section 2.3, the expressions of the complex stiffness of the distributed springs in the four-spring Winkler model for caissons were determined by Gerolymos and Gazetas [1] based on the impedance of shallow footings. However, owing to the difference between the depth-width ratios of rigid caissons (0.5≤d/B≤4) and those of shallow footings (d/B≤1), the embedment factors, I tw and Г w (in Eqs. (45) and (49)) should be checked, and some modification may be required for their utilization in caissons.
Varun [10] has computed the stiffness of some caissons by the finite element method for a wide range of 0.25≤d/B≤7. Here those data with d/B≤4 are chosen to check and modify the parameters I tw and Г w .
According to Refs. [1] and [8] , the horizontal embedment factor of a cylindrical caisson I tw has such relation with d/B
Varun's finite element simulations [10] computed the horizontal stiffness of caissons with respect to the top centers. These results are transformed to be the stiffness with respect to the base centers by coordinate transformation, and then divided by the stiffness of surface footings to obtain the embedment factors. Figure 6 shows the comparison of Eq. (50) against the data transformed from Varun's results.
They match quite well, demonstrating that Eq. (50) is feasible to be used for the range of 0<d/B≤4, and hence no modification is needed.
According to Refs. [1] and [8] , the rocking embedment factor of a cylindrical 
The significance of this modification will bestudied in Section 3.2.
Verification by static and frequency domain finite element simulations
In order to evaluate the significance of the above modification, comparisons between the modified four-spring Winkler model and 3D finite element method are conducted via three examples.
Static response of a cylindrical caisson in homogenous soil
The case presented here is a massless cylindrical caisson embedded in the homogenous soil and subjected to a static load 
Dynamic response of a cylindrical caisson in homogenous soil
Herein, the second case is conducted to compute the dynamic response of a caisson subjected to a horizontal harmonic load with the amplitude of 1000 kN and the frequencies of 0~10 Hz. The model is similar to that presented in Section 3.2.1, with the caisson depth d set as 6 m and some soil elements changed into sponge boundary elements for wave absorption, The finite element mesh is shown in Fig. 10 , where the soft grey elements enveloping the soil elements are the sponge boundary elements for attenuating the wave reflection.
Sponge boundary is one kind of absorption boundary proposed by Varun et al [9] and Varun [10] to attenuate the wave reflection at the boundary, of which the fundamental is the theory of viscoelasticity [20] . Taking finite element simulation, and shows that the accuracy of the four-spring Winkler model is improved remarkably with the modification of Г w .
Dynamic response of a cylindrical caisson in layered soils
Here the dynamic response of a massless cylindrical caisson embedded in layered soils, as illustrated in The above three examples verify that the modification on Г w is greatly significant to improve the accuracy of the spring coefficients for both static and dynamic loads and in both homogenous soil and layered soils. 
Lateral response of CCPFs: verification and example
Verification of the proposed method by 3D FEM
An example: lateral response of a CCPF with different pile lengths
In order to study the significance of adding piles beneath the caisson, the response of a CCPF subjected to lateral harmonic loads is computed with the proposed method and the effect of pile length is studied. The results indicate that: (1) piles make great contribution to the foundation in resisting the lateral loads. The impedances of the foundation increase and the displacements decrease significantly after adding piles beneath the caisson; (2) although the soil around the caisson does not change, after the soil around the piles becomes stiffer, the impedances of the CCPF increase and the displacements decrease pronouncedly. This shows that in the composite foundation, the piles play an important role in resisting the lateral loads; (3) the increasing rate of the impedances and the decreasing rate of the displacements become smaller while the pile length becomes larger, showing that there is a limitation upon the pile length; and (4) piles have less impact on complex swaying stiffness than complex rocking stiffness. This is because under lateral loads the major response of the caisson is rocking effect, which can be largely resisted by the pile reaction forces.
From the third point above, it can be found that the lateral response of the CCPF could not be mitigated lastingly by solely increasing the pile length. If the pile length is large enough, the further increase of it will have only a small effect.
Conclusions
This With the transfer matrix method, the relation of the axial displacements and forces between the pile top and bottom can be derived as
where L is the pile length and To simulate the axial pile-pile interaction in layered soils, the axial vibration equation of a passive pile (e.g. pile 2) is given as
where w 11,i and w 21,i are the axial displacements of the active and passive piles in soil layer i, and  i V is the attenuation function of the axial displacement depending on the pile distance s.
With the transfer matrix method, the relation between the active and passive piles can be derived as Considering the effects from all other piles, the axial displacement at the head of a pile (e.g. pile k) in a pile group can be obtained by .5) where N is the number of the piles, V j is the axial load undertaken by pile j, and 
